Nucleophilic addition of nitriles to carbonyl compounds (i.e., the nitrile aldol reaction) is a useful transformation in organic synthesis because of the high synthetic utility of -hydroxynitrile products owing to the versatile convertibility of the nitrile functionality. 1,2 Traditionally, the reaction is carried out through deprotonation of nitriles followed by addition to carbonyl compounds. 3 However, the generation of -cyano carbanions from simple unactivated alkanenitriles (e.g., pKa 31.3 in dimethyl sulfoxide for acetonitrile) 4 requires a stoichiometric amount of a strong base such as lithium diisopropylamide (LDA), which is incompatible with base-sensitive substrates. In addition, strongly basic conditions sometimes cause undesirable reactions, including -elimination by dehydration to give the corresponding ,-unsaturated nitriles and retro-additions. Recently, several types of catalytic activation of nitriles as nucleophiles have been established, which has led to successful metal-catalyzed nucleophilic additions of unactivated alkanenitriles to aldehydes. 5 However, these catalytic reactions still have some drawbacks, for which excess amounts of nitrile (>5 equiv) are generally required. Thus, a new methodology that allows the nucleophilic addition of unactivated alkanenitriles to carbonyl compounds under mild reaction conditions without requiring excess substrates would be highly valuable. handling and storage instability because they are rapidly hydrolyzed with water. In this context, we reported that N-silyl ketene imines could be generated in equilibrium by treatment of alkanenitriles with trialkylsilyl triflate (R3SiOTf) and a tertiary amine (Scheme 1). 7,8 These mild and non-basic generation conditions allowed the development of several C-C bond forming reactions that do not require isolation of the labile Nsilyl ketene imines. 7 Motivated by our interest in new reaction development by using in situ generated N-silyl ketene imines, we expected that treatment of a mixture of aldehydes 1 and alkanenitriles 2 with R3SiOTf and tertiary amine would directly yield O-trialkylsilyl -hydroxy nitriles 3 (Scheme 2). 9,10 The reaction would proceed through in situ formation of the highly electrophilic silyl oxonium intermediate 4 and N-silyl ketene imine 5, followed by addition of 5 to 4. We report herein trialkylsilyl triflate and alkylamine promoted novel nucleophilic addition reactions of nitriles to aldehydes, which offer an efficient synthetic method for -hydroxy nitrile derivatives under non-basic mild conditions. This new method does not require preformation of the labile N-silyl ketene imine nucleophile or excess substrates. This is the nitrile analogue of a formal one-pot Mukaiyama aldol reaction. Abstract Upon treatment with triisopropylsilyl trifluoromethanesulfonate and 2,2,6,6-tetramethylpiperidine, alkanenitriles undergo direct addition to aldehydes under mild non-basic neutral conditions to provide triisopropylsilyl ethers of -hydroxy nitriles in good yield. The reaction proceeds via in situ generation of an N-silyl ketene imine intermediate from the alkanenitrile followed by nucleophilic addition of the intermediate to the aldehyde.
Nucleophilic Addition of Alkanenitriles to Aldehydes via N-Silyl Ketene Imines Generated In Situ
Nucleophilic addition of nitriles to carbonyl compounds (i.e., the nitrile aldol reaction) is a useful transformation in organic synthesis because of the high synthetic utility of -hydroxynitrile products owing to the versatile convertibility of the nitrile functionality. 1, 2 Traditionally, the reaction is carried out through deprotonation of nitriles followed by addition to carbonyl compounds. 3 However, the generation of -cyano carbanions from simple unactivated alkanenitriles (e.g., pKa 31.3 in dimethyl sulfoxide for acetonitrile) 4 requires a stoichiometric amount of a strong base such as lithium diisopropylamide (LDA), which is incompatible with base-sensitive substrates. In addition, strongly basic conditions sometimes cause undesirable reactions, including -elimination by dehydration to give the corresponding ,-unsaturated nitriles and retro-additions. Recently, several types of catalytic activation of nitriles as nucleophiles have been established, which has led to successful metal-catalyzed nucleophilic additions of unactivated alkanenitriles to aldehydes. 5 However, these catalytic reactions still have some drawbacks, for which excess amounts of nitrile (>5 equiv) are generally required. Thus, a new methodology that allows the nucleophilic addition of unactivated alkanenitriles to carbonyl compounds under mild reaction conditions without requiring excess substrates would be highly valuable. N-Silyl ketene imines, which are typically prepared by lithiation of alkanenitriles with a strong base such as LDA followed by trapping with a bulky trialkylsilyl chloride, have recently attracted much attention as a competent -cyano carbanion equivalent (Scheme 1). 6 Although N-silyl ketene imines show synthetic potential, considerable drawbacks remain in their handling and storage instability because they are rapidly hydrolyzed with water. In this context, we reported that N-silyl ketene imines could be generated in equilibrium by treatment of alkanenitriles with trialkylsilyl triflate (R3SiOTf) and a tertiary amine (Scheme 1). 7,8 These mild and non-basic generation conditions allowed the development of several C-C bond forming reactions that do not require isolation of the labile Nsilyl ketene imines. 7 Motivated by our interest in new reaction development by using in situ generated N-silyl ketene imines, we expected that treatment of a mixture of aldehydes 1 and alkanenitriles 2 with R3SiOTf and tertiary amine would directly yield O-trialkylsilyl -hydroxy nitriles 3 (Scheme 2). 9, 10 The reaction would proceed through in situ formation of the highly electrophilic silyl oxonium intermediate 4 and N-silyl ketene imine 5, followed by addition of 5 to 4. We report herein trialkylsilyl triflate and alkylamine promoted novel nucleophilic addition reactions of nitriles to aldehydes, which offer an efficient synthetic method for -hydroxy nitrile derivatives under non-basic mild conditions. This new method does not require preformation of the labile N-silyl ketene imine nucleophile or excess substrates. This is the nitrile analogue of a formal one-pot Mukaiyama aldol reaction. To ascertain the feasibility of the proposed addition reaction, we initially tested the reaction of benzaldehyde (6) with phenylacetonitrile (7; Scheme 3). When 6 (1 equiv) and 7 (1 equiv) were treated with triethylsilyl trifluoromethanesulfonate (TESOTf; 2 equiv) and triethylamine (2 equiv) in 1,2-dichloroethane (DCE), the expected O-TES -hydroxynitrile 8 was obtained in 41% yield as a 51:49 diastereomeric mixture; however, a considerable amount (52% yield) of the corresponding desilylated product 9 was also obtained due to the instability of the TES ether in the reaction medium. To suppress this desilylation product, we next tested the ability of a more robust silyl group in the reaction. Happily, the use of 
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Scheme 3 Preliminary results in nucleophilic additions
To prevent the competitive hydrosilylation reaction, the effects of amine bases were evaluated in the reaction of nitrile 11 with benzaldehyde (6; Table 1), which revealed that the choice of amine was of critical importance for this type of reaction. In contrast to the results with triethylamine, significant amounts of TIPS ether 13 were obtained when sterically hindered tertiary alkylamines, such as diisopropylethylamine (DIPEA) and 1,2,2,6,6-pentamethylpiperidine (PMP), 12,13 were used (entries 1 and 2). Less hindered bicyclic tertiary amines, such as 1,4-diazabicyclo[2.2.2]octane (DABCO) and 2,6-lutidine, did not give addition product 12, even if the mixture was heated to 80 °C. To our delight, the best result was obtained when 2,2,6,6-tetramethylpiperidine (TMP) was used as the amine base, which provided 12 in 85% yield after isolation (dr = 55:45) with stirring at room temperature for 22 h (entry 5). Other sterically hindered secondary amines, such as hexamethyldisilazane (HMDS), did not promote the nucleophilic addition (entry 6).
Control experiments revealed that the reaction did not proceed in the absence of either TIPSOTf or TMP. In addition, reduction in the amounts of TIPSOTf and TMP to 1.1 equivalents each resulted in the formation of 12 in only 47% yield (dr = 56:44), as well as recovery of 11 in 22% yield, after stirring the reaction mixture at room temperature for 23 h. Therefore, the use of two equivalents of both reagents is important for full conversion in this reaction. When TMP was used as the amine base, other silyl triflates, such as trimethylsilyl trifluoromethanesulfonate, TESOTf, and tert-butyldimethylsilyl trifluoromethanesulfonate, also induced nucleophilic additions of hindered nitriles (see Scheme S1 in the supporting information for details).
Unfortunately, although the reaction proceeds with a high yield, diastereoselectivity was not induced, probably due to a low level of stereodiscrimination in the addition step. With the optimized reaction conditions using the TIPSOTf/TMP system in hand, we next investigated the reactions of benzaldehyde (6) with a series of nitriles ( Table 2 ). The results show that the reaction has broad applicability to nitriles including simple unactivated alkanenitriles (i.e., 14a, 14b, and 14e). The -alkyl nitriles 14a,b, -aryl nitriles 7 and 14c,d, acetonitrile (14e), and -halo nitrile 14f afforded the corresponding O-TIPS -hydroxy nitriles in good to excellent yields (entries 1-7). Note that the reactions of unactivated nitriles 14a and 14b with 6 under the TIPSOTf/Et3N system provided no addition products 15a,b, which clearly indicated the unique and remarkable reactivity of TMP as an amine base. 14 ,-Disubstituted nitriles including isobutyronitrile (14b), 2-phenylpropanenitrile (14c), and diphenylacetonitrile (14d) The scope of applicable aldehydes was then examined with phenylacetonitrile (7; Table 3 ). Addition of nitrile 7 to aromatic aldehydes 17a-c with either electron-donating or -withdrawing substituents proceeded smoothly to afford O-TIPS -hydroxy nitriles 18a-c in high yields (entries 1−3). An ester functionality survived intact under these conditions (entry 3). The reaction of sterically hindered 2,6-dimethylbenzaldehyde (17d) efficiently provided addition product 18d (entry 4). The new addition reaction was also applicable to an aliphatic aldehyde without an acidic -proton (entry 5). However, the reaction with enolizable aliphatic aldehyde 17f gave addition product 18f as a minor product (35% yield) along with silyl enol ether 19, which is derived from 17f (51% yield; entry 6 and Figure 1) . ,-Unsaturated aldehyde 17g underwent both 1,2-and 1,4-addition, with 1,4-addition favored, to produce a mixture of TIPS ether 18g (18% yield, entry 7), silyl enol ether 20 (46% yield, Figure 1) , and aldehyde 21 (22% yield, Figure 1) ; this indicates a similar tendency to the uncatalyzed solvent-free reaction of preformed N-silyl diphenylketene imine. 9 Figure 1 . e Slow and dropwise addition of aldehyde 17f over 2.5 h to the reaction mixture did not improve the yield of addition product 18f. f Two-step yield after treatment of the crude product with silica gel in CH Cl . Figure 1 Side products for entries 6 and 7 in Table 3 Finally, nucleophilic addition to a ketone was briefly examined to evaluate the synthetic potential of this reaction (Scheme 5 In conclusion, we have developed a novel method for nucleophilic addition reactions of alkanenitriles, including simple unactivated nitriles, to aldehydes promoted by TIPSOTf and TMP under mild silylation conditions. 16 The reaction appears to proceed via in situ N-silyl ketene imine formation followed by a Mukaiyama aldol-type reaction. 17 The synthetic benefits of the reaction include the avoidance of preformation and isolation of labile N-silyl ketene imines. The non-basic mild reaction conditions mean that the present method tolerates many functional groups and provides -hydroxy nitrile products with a high yield without -elimination and retro-additions, which sometimes occur with conventional anionic conditions.
The new method does not require excess substrates and will offer an efficient route to -hydroxy nitrile derivatives, which serve as useful intermediates in the synthesis of natural products and biologically active substrates. Further studies will focus on the reaction of in situ generated N-silyl ketene imines to other classes of electrophiles. (12) The combination of TIPSOTf and PMP smoothly promoted hydrosilylation of benzaldehyde (6) to afford TIPS ether 13 in 82% yield (Scheme 6). (13) A deuterium-labeling experiment proved that PMP acts as the hydride source (Scheme 7). : To a mixture of benzaldehyde (6; 40.8 L, 0.400 mmol), 2-methoxy-2-phenylacetonitrile (11; 55.5 L, 0.400 mmol), and 2,2,6,6-tetramethylpiperidine (136 L, 0.800 mmol) in DCE (2.0 mL) was added TIPSOTf (215 L, 0.800 mmol), and the mixture was stirred at room temperature for 22 h, at which point the consumption of starting materials 6 and 11 was complete (as determined by TLC analysis, hexane:EtOAc = 4:1). After cooling to 0 °C, the reaction was quenched by slow addition of saturated
